Rho-family small GTPases and among them the thoroughly studied members Cdc42 and Rac1 are key signaling switches to actin cytoskeleton reorganization (14, 21, 37) .
INTRODUCTION
Actin reorganizations are frequently initiated by ligand binding to growth factor receptors, e.g. receptor tyrosine kinases such as c-Met (3, 5) . Receptor clustering and activation are accompanied by tyrosine phosphorylations and adaptor recruitment required in turn for the activation of small GTPases such as Rho-family members. However, knowledge on the relative relevance of individual GTPases, their respective activators as well as their direct and indirect effector complexes is still fragmentary (11) .
Rho-family small GTPases and among them the thoroughly studied members Cdc42 and Rac1 are key signaling switches to actin cytoskeleton reorganization (14, 21, 37) .
Numerous regulators of actin polymerization were reported to link to these GTPases, including Wiskott-Aldrich Syndrome protein (WASP) and WASP family and verprolinhomologous protein (WAVE) family members, which are prominent activators of the actin filament nucleating machine Arp2/3-complex (7, 49) . We have recently shown that fibroblasts genetically deleted for Cdc42 have no apparent defects in lamellipodia and filopodia protrusion or in cell migration (12) , providing the first direct evidence that Cdc42 is not essential for actin polymerization in cellular protrusions. Nevertheless, constitutively active Cdc42 can drive the formation of conspicuous filopodia (34) , although the molecular mechanism of their formation is still unclear (17) , since neither its direct interaction partner N-WASP (neural WASP) (32) nor WAVE-and Arp2/3-complex-mediated actin assembly are required for this pathway (31, 44, 45) . In addition, this GTPase may function in less obvious cytoskeletal rearrangements, such as those elicited during endocytosis or more indirectly, by signal propagation to other Rho-family GTPases such as Rac1 (34) .
To obtain more insights into the role of Cdc42 for cytoskeletal rearrangements downstream of the receptor tyrosine kinase c-Met, we have studied both, HGF-induced membrane ruffling and actin-dependent engulfment of the gram-positive bacterial pathogen 4 Listeria monocytogenes. Invasion of this pathogen is mainly brought about by two separable signaling pathways induced by interaction of two bacterial factors, Internalin (InlA) and InlB with E-cadherin and c-Met, respectively (36) . Since InlA does not interact with murine Ecadherin (28, 40) , the engulfment of the wild type pathogen by murine cell lines as compared to isogenic Listeria lacking both internalins is InlB-specific. InlB binds and activates c-Met (43) , eliciting responses similar to those induced by HGF/SF, including c-Met autophosphorylation, recruitment of signaling adaptors like Gab1, Shc and Cbl (36) , activation of phosphoinositide 3-kinase type IA (PI3-kinase) (25, 42) as well as receptor internalization and lysosomal degradation (29) . In addition, clathrin-dependent receptor internalization is also thought to power bacterial engulfment (52) , although the molecular mechanisms of coordination of the forces generated by both the actin and clathrin machineries are unknown.
Here we have focused on defining the precise functions of both Cdc42 and Rac1 GTPases as compared to PI3-kinase signaling in stimulating the motogenic output driven by actin polymerisation evoked downstream of engagement of the prominent receptor tyrosine kinase c-Met. 5 
MATERIALS AND METHODS

Antibodies, protein purification and reagents.
Monoclonal anti-Nap1 antibody (clone 21D12G9; IgM) was raised against synthetic peptide NH2-(C) HAVYKQSVTSSA -COOH comprising the 12 C-terminal residues of human and mouse Nap1. Monoclonal anti Cdc42 (Clone 44) and anti-Rac1 (Clone 23A8) were purchased from BD Transduction Laboratories (Heidelberg, Germany) and Biomol (Hamburg, Germany), respectively. Polyclonal anti-N-WASP and isoform-specific WAVE2 antibodies were as described (30, 46) . Anti-Eps8 monoclonal antibody (Clone 15) was purchased from BD Transduction Laboratories (Heidelberg, Germany). Anti-Akt and anti-phospho-Akt (Ser473) polyclonal antibodies were purchased from Cell Signaling Technology Inc.
(Danvers, MA, USA). Mature full-length InlB (amino acid residues 36 -630) was expressed as GST fusion in E. coli BL21, purified by affinity chromatography (glutathione-sepharose) and cleaved with PreScission Protease (GE Healthcare). Final purification was achieved by gel filtration (Superdex200) in 10 mM Tris, pH 8.0, 500 mM NaCl, dialysis against 50 mM Tris, pH 8.0, 200 mM NaCl and subsequent affinity chromatography on Heparin Sepharose (Fast Flow) using a linear salt gradient. Chromatography media were from GE Healthcare (Munich, Germany); HGF, EGF, hygromycin, gentamicin and wortmannin were from SIGMA (Taufkirchen, Germany). LY294002 was from Biosource (Camarillo, CA, USA), FuGene and protease inhibitor cocktail Complete Mini TM from Roche (Mannheim, Germany),
and Alexa-488-labelled phalloidin from Invitrogen (Karlsruhe, Germany).
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Cells, treatments and transfections.
The murine control, Cdc42-deficient and Cdc42-deficient fibroblasts re-expressing wildtype Cdc42 were as described (12) . The parental Cdc42-expressing control cell line (clone 39) was termed Cdc42(fl/-)-C1, and the two independently derived knockout clones 397 and 399 were termed Cdc42(-/-)-KO1 and Cdc42(-/-)-KO2 throughout the manuscript, respectively. Cdc42-deficient cells stably re-expressing mock plasmid, Cdc42 F37A or Cdc42 Y40C were generated by infection with retroviruses conferring expression of the respective mutant together with a hygromycin resistence gene as described (12) fibroblasts from Eps8 knockout mice and corresponding control cells re-expressing myctagged Eps8 were grown as described in (41) . WAVE2 (-/-) and (+/+) cell lines, kindly provided by Tadaomi Takenawa (University of Tokyo, Japan), were maintained as described (57).
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Bacteria and invasion assay.
Listeria monocytogenes (EGD wildtype) and the isogenic negative control strain (∆InlAB) (35) , kindly provided by Juergen Wehland (Helmholtz Centre for Infection Research, Braunschweig), were grown in BHI medium and subjected to gentamicin protection assays essentially as described (16, 35) , with invasion and gentamicin (50 µg/ml) killing times of 1 and 1.5 hours, respectively. At least three independent experiments were normalized to an invasion of 1 (100%) in respective control populations as indicated.
Pulldown and PI3-kinase activation assays.
For Rac and Cdc42 activation assays, GST fused to PAK-CRIB was immobilized on glutathione-beads as described (46 InlB were subjected to Western Blotting using anti-Akt and anti-phospho-Akt (Ser473) 8 antibodies and luminometry as described for Rho-GTPases. Data from at least three independent experiments were expressed as percent phosphorylated Akt of total Akt.
Fluorescence microscopy, assessment of cell morphology and data analysis.
For quantifications of HGF-or InlB-induced ruffling, cells were seeded subconfluently onto glass coverslips, starved and treated as indicated, fixed and extracted with 4% formaldehyde (PFA) in PBS followed by 1 min incubation with 0.1% Triton X-100/4%PFA, and stained for the actin cytoskeleton with Alexa-488-labelled phalloidin for 1 h at RT. Preparations were analysed on an inverted microscope (Axiovert 100TV, Zeiss, Jena, Germany) using a 63x/NA 1.4 plan-apochromatic objective and equipped for epifluorescence as described (46) . Images PA). Clonal cell lines divided and subjected to different treatments were considered as paired data and thus analyzed using paired (one-sample) t-test, whereas datasets obtained from different clones or cell lines were compared using unpaired (two-sample) t-test.
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RESULTS
Cdc42 deficiency impairs InlB-mediated Listeria invasion.
Current models of InlB-mediated Listeria invasion contain numerous key players, many of which are well established regulators of actin cytoskeleton reorganization, including the Rhofamily GTPases Cdc42 and Rac1 as well as their prominent effectors N-WASP and WAVE (22, 38) . However, the relative relevance of the Cdc42 and Rac pathways in InlB-mediated invasion has remained incompletely understood (4). To elucidate a potential role of Cdc42 in this signaling pathway, we performed gentamycin protection assays using two independent Cdc42-deficient cell lines (KO1 and KO2) as compared to their parental control line (C1) still expressing functional Cdc42 (12) . Interestingly, InlB-specific invasion assessed with wildtype bacteria (L.m. EGDwt) was strongly reduced (by >70%) upon genetic deletion of Cdc42 (Fig.   1A ). In contrast, non-specific entry as determined with isogenic Listeria lacking both Internalin A and B was invariably low in all cell lines (Fig. 1A) . More importantly, InlBspecific entry could be fully rescued in Cdc42-deficient cells by transient re-expression of wildtype Cdc42 (Fig. 1B) , proving formally that the observed invasion defects were due to the absence of Cdc42. These data demonstrated a significant contribution of Cdc42 to InlBdependent Listeria invasion, and suggested a specific activation of this Rho-family GTPase (12), the absolute increase of Rac-GTP levels upon HGF or InlB treatments was only about half in Cdc42 knockout cells as compared to Cdc42-expressing controls (Fig. 3C ).
Induction of membrane ruffing through c-Met signaling is impaired in the absence of
Cdc42.
To get more insight into the significance and general relevance of Cdc42 function in motogenic c-Met signaling, we assessed whether the observed impairment in Rac activation in Cdc42 null cells affects c-Met-mediated cellular responses. Scattering of epithelial cells is initiated by the formation of prominent plasma membrane protrusions, frequently adopting the shape of membrane ruffles, which can also be evoked in fibroblasts and by InlB (26, 42) (see above). Our Cdc42-expressing control cells formed membrane ruffles in response to both ligands ( Fig. 4A-D) , displaying an almost 4-fold increase in the percentage of ruffling cells as compared to mock-treated controls (Fig. 4E) . Importantly, those cells (app. 20%) forming ruffles in the absence of HGF or InlB (-) were virtually indistinguishable from ruffling cells 12 after growth factor treatment. Thus, HGF/InlB treatments affected the frequency, not the quality of ruffling displayed (not shown). In contrast, whereas individual cells in both untreated and HGF-or InlB-treated Cdc42-deficient cell populations were still capable of membrane ruffling (designated as "with ruffles" in Fig. 4E ), the frequency of cells displaying these structures was hardly increased after HGF-or InlB treatments in cells lacking Cdc42 (Fig. 4E) . Thus, we conclude that the induction of membrane ruffling downstream of c-Met, not the ruffling machinery, is severely compromised in both Cdc42 knockout cell lines as compared to the parental precursor line (Fig. 4E ).
Relative role of Cdc42 and PI3-kinase signaling downstream of c-Met.
Rac activation induced by InlB binding to c-Met has been assumed to be largely mediated by class I PI3-kinases, which generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) needed to recruit and activate guanine nucleotide exchange factors (GEFs) for Rho-family GTPases (36, 42) . Consistently, InlB-mediated Listeria invasion was shown to be significantly impaired by pharmacological inhibition of PI3-kinase (25) . This and our results on the critical role of Cdc42 in Rac activation prompted us to ask whether PI3-kinase and Cdc42 act in common or distinct pathways during InlB-mediated Listeria entry. We employed two widely used competitive inhibitors of PI3-kinase, wortmannin and LY294002, focusing primarily on the latter due to its greater stability (53). Dose-response curves of inhibition of InlB-mediated Listeria invasion were obtained using Cdc42-expressing control fibroblasts (Supplemental Interestingly, PI3-kinase inhibition strongly reduced Listeria entry in both Cdc42-expressing parental and Cdc42 knockout cells (Fig. 5A ). More specifically, although the absence of Cdc42 already caused a marked decrease of Listeria invasion in the presence of vehicle (DMSO) as expected (Fig. 5A ), these entry rates were as sensitive to PI3-kinase inhibition as the ones observed in Cdc42-expressing cells, which is illustrated best when entry rates are normalized to 1 (100%) for each mock-treated cell line individually (Fig. 5B) . Thus, PI3-kinase inhibition affects Listeria invasion irrespective of Cdc42 expression. Moreover, wortmannin (100 nM), which is known to abrogate PI3-kinase activity in fibroblast cell lines generated and immortalized in a comparable manner to the ones used here (8), also reduced
Listeria invasion equally effective in the presence and absence of Cdc42 (Supplemental Fig.   2 ). Together, this body of evidence shows that the enzymatic activity of PI3-kinase is not positioned upstream of Cdc42 in c-Met-induced Listeria invasion. Furthermore, these data suggest that the remaining Listeria entry observed in Cdc42-deficient cells is sensitive to PI3-kinase inhibition, and that the PI3-kinase-activity independent entry in Cdc42-expressing cells (Fig. 5A ) requires Cdc42. This conclusion is corroborated by comparison of entry of wildtype and InlA/B-deficient strains into LY294002-treated cell lines, which confirmed a complete abolishment of InlB-specific invasion in the absence of both Cdc42 and PI3-kinase activity and the existence of InlB-specific and Cdc42-dependent invasion in the presence of this GTPase (Fig. 5C ). Further, these data revealed the absence of additional signaling pathways driving InlB-mediated Listeria invasion in PI3-kinase-inhibited Cdc42-deficient cells.
Next, we asked if the relative contributions of Cdc42 and PI3-kinase to Listeria entry are specific for the InlB-pathway or can be extended to HGF-induced membrane ruffling. To do that, the ruffling forming capability in response to HGF or soluble InlB as control, was 14 examined in Cdc42 control or knockout cells in the presence or absence of LY294002. PI3-kinase inhibition totally abolished HGF-and Inl-B-induced membrane ruffling in the absence of Cdc42, but not in Cdc42-expressing cells (Fig. 5D) . Moreover, similar to the observations with Listeria invasion, the induction of membrane ruffling by brief HGF or InlB treatments was quantitatively comparable in mock-treated Cdc42 knockout cells (Fig. 4E ) and PI3-kinase inhibitor-treated Cdc42-expressing controls (Fig. 5D ). These data demonstrate the collective requirement of Cdc42 and PI3-kinase activities for the induction of membrane ruffling downstream of c-Met signaling, although neither one of the two components is absolutely essential.
To test if these phenotypic observations correlate with changes in Rac activation, we examined Rac-GTP levels in control and Cdc42 knockout cell lines treated either with vehicle or LY294002. The relative increase of Rac-GTP levels stimulated by both HGF and InlB was reduced, but not abrogated upon PI3-kinase inhibition in Cdc42-expressing cells, whereas LY294002 completely abolished Rac GTP-loading in the absence of Cdc42 (Figs. 5E and 5F).
As opposed to Rac, Cdc42 activation upon HGF-or InlB treatments of control fibroblasts was at least as robust in the presence of PI3-kinase inhibitor as in its absence (Fig. 6 ), providing biochemical proof that Cdc42 activation downstream of c-Met stimulation is PI3-kinaseactivity independent in our system. These latter results are consistent with the observation that HGF-induced activation of Cdc42 in MDCK epithelial cells is also insensitive to PI3-kinase inhibition (39).
Cdc42 deficiency reduces PI3-kinase signaling.
The data presented so far clearly revealed both Cdc42-and PI3-kinase-dependent pathways of motogenic c-Met signaling, which were separable from each other, at least in part. However, since Cdc42 was previously reported to be able to bind to and activate PI3-kinase by direct interaction with its regulatory subunit (p85) (51, 59), we examined PI3-kinase activation by HGF-or InlB-treatment in the presence and absence of Cdc42. Interestingly, Akt phosphorylation (on serine 473) following HGF or InlB addition was significantly reduced in both Cdc42-deficient cell lines as compared to parental Cdc42-expressing controls (Fig. 7A ).
Along the same line, Cdc42 null cells stably re-expressing Cdc42 wt showed an app. 3-fold increase in phospho-Akt levels as compared to the same line transduced with mock vector (Fig. 7B) . These data strongly suggest that PI3-kinase activation downstream of c-Met engagement is driven in part by Cdc42.
Collectively, our results uncover for the first time that, following c-Met activation, PI3-kinase enzymatic activity does not lie upstream of Cdc42, whereas Cdc42 signaling to
Rac activation partly involves PI3-kinase function (see also Fig. 9 ).
The Rac/WAVE-complex pathway is essential for Listeria entry
To directly test whether actin polymerization downstream of Rac is essential for Listeria invasion, we first employed fibroblast cell lines stably suppressed for Nck associated protein 1 (Nap1), an essential constituent of a pentameric protein assembly called WAVE-complex (46, 49) . The ubiquitously expressed version of this complex comprises Sra-1/PIR121, Nap1, Abi-1 (Abl-interacting protein 1), HSPC300 and WAVE2 (19) , and links Rac1 activation to Arp2/3-mediated lamellipodia protrusion and membrane ruffling (24, 46) . Consistently, Nap1
knockdown fibroblasts fail to form lamellipodia and membrane ruffles in response to EGF or PDGF stimulation and to microinjection of constitutively active Rac1 (46) . In addition, Nap1 knockdown and control fibroblasts are of human origin (VA-13), and express c-Met but not E-cadherin as judged by Western Blotting and Affymetrix gene array analyses (not shown), thus allowing analysis of Listeria entry through the InlB/c-Met pathway in analogy to murine cell lines. Interestingly, entry of wildtype Listeria was nearly abolished in Nap1 knockdown cells as compared to mock siRNA-treated controls (Fig. 8A ), similar to previous observations with RNAi-mediated knockdown of WAVE isoforms and Abi-1 (4). These data already 16 indicated that Rac drives Listeria invasion through WAVE-and Arp2/3-complex-dependent actin polymerization. However, Nap1 knockdown also leads to down-regulation of expression of other WAVE-complex constituents including Abi-1 (23, 45) , which is a multi-functional adaptor protein regulating the actin cytoskeleton by assembling into several distinct protein complexes (14) . In addition to associating with WAVE-complex members, Abi-1 interacts with Eps8 (EGF receptor pathway substrate 8) and Sos-1 to form a Rac-specific GEFcomplex (13), and binds and activates N-WASP both in vitro and in vivo (23) . Since N-WASP knockout cells displayed no defects in Listeria invasion (Fig. 2B) , indirect down-regulation of N-WASP-mediated actin assembly due to reduced Abi-1 expression does not account for abolished entry rates in Nap1 knockdown cells. The Eps8/Abi-1/Sos-1-complex mediates Rac activation and membrane ruffling downstream of receptor tyrosine kinases such as the PDGF receptor and Ras/PI3-kinase (13) and is disrupted in fibroblasts genetically deficient for Eps8 (41) . Whether this complex also functions in Rac activation downstream of c-Met signaling is unknown. To rule out indirect interference upon Nap1 knockdown with Rac activation by the Eps8/Abi-1/Sos-1 complex, Listeria invasion was examined in Eps8 knockout fibroblasts as compared to the same cells stably re-expressing Eps8. However, the absence of Eps8 expression had no effect on InlB-mediated Listeria invasion (Fig. 8B) , excluding a role for the Eps8/Abi-1/Sos-1 complex in driving Rac activation downstream of c-Met.
Mammals express three WAVE (also called Scar) proteins, the ubiquitous WAVE2
and two largely neuronal isoforms, WAVE 1 and 3 (48) , all shown to associate with the aforementioned WAVE-complex components (15, 19, 47) . Thus, Nap1 knockdown is expected to interfere with proper positioning at the leading edge of all expressed WAVE isoforms. Nevertheless, to obtain independent confirmation of WAVE-complex function in Rac-mediated actin reorganization downstream of c-Met, Listeria entry rates were measured in fibroblast cells genetically deficient for WAVE2 (57) . As expected, these cells displayed a strong reduction in entry rates as compared to their respective controls (Fig. 8C) . Together, 17 these data collectively suggest a specific and essential function for the WAVE-complex in driving Rac-mediated motogenic c-Met signaling.
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DISCUSSION
Reorganization of the actin cytoskeleton, e.g. downstream of receptor tyrosine kinase signaling, has been receiving significant attention over the years, with a plethora of key players implicated in this process (14, 37) . However, the relevance of individual key players relative to each other within the same pathway and relative to other pathways has remained largely enigmatic. The systematic analysis of these pathways has been hampered by the lack of specificity of frequently employed tools, as highlighted most recently by the limitations recognized for employing the expression of dominant negative Rho-GTPase variants (54) .
Thus, the specific removal of components of these signaling pathways by forward and/or reverse genetics such as RNA interference will undoubtedly continue to gain importance in the dissection of these signaling pathways. We employed fibroblastoid cell lines deficient for the prominent Rho-family GTPase Cdc42, which we could previously demonstrate to be devoid of any clear-cut phenotypes in both lamellipodia and filopodia protrusion as well as directed cell migration (12) . More recently, these surprising results were proposed to be explained by cell transformation, since alternatively generated primary fibroblasts were reported to be more severely affected by the removal of Cdc42 (54, 58) . However, although the reasons for this discrepancy remain unclear, transformation cannot account for it, since we could show that the migratory performance of non-transformed endothelial cells is also insensitive to Cdc42 deletion (12) . In addition, Cdc42-deficient fibroblast cell lines did indeed show phenotypes, e.g. reduced constitutive Rac-GTP levels (12) . Interestingly enough, lowered Rac-GTP levels did not significantly impact on these cells' migratory performance or lamellipodia formation on fibronectin, which may, at least in part, be explained by Cdc42-independent Rac activation through integrins (9) .
To learn more about specific roles of Cdc42 in signaling pathways controlling actin reorganizations, we have focused here on actin assembly processes induced downstream of 19 engagement of the prominent receptor tyrosine kinase c-Met, which is essential for both HGFinduced membrane ruffling, scattering and InlB-mediated invasion of Listeria invasion (3, 5) .
This pathway turned out to be highly sensitive to Cdc42 removal ( Fig. 1 and 4) . Moreover, reduced Rac-GTP loading downstream of Cdc42 was causative for the observed defects in
Listeria entry and in HGF-or InlB-induced membrane ruffling ( Fig. 2 and 3 ). Somewhat surprisingly, Arp2/3-complex-mediated actin filament nucleation by the Cdc42 effector N-WASP was not involved in Cdc42-dependent Listeria entry (Fig. 2) . Consistently, N-WASP was also not required for membrane ruffling and lamellipodia formation induced by serum We also analyzed the relative function of Cdc42 and PI3-kinase in signal propagation to actin reorganization downstream of c-Met activation. Interestingly, we found both Cdc42-and PI3-kinase-dependent contributions to this signaling pathway, which were independent of the respective other component (Fig. 5 and 9 ). However, whereas Cdc42 activation was entirely independent of PI3-kinase activity (Fig. 6 ), Cdc42 could also signal, at least in part, to PI3-kinase activation downstream of c-Met engagement (Fig. 7) . This was somewhat surprising, since PI3-kinase activation by serum was independent of Cdc42 (12).
Nevertheless, phospho-Akt levels after HGF or InlB treatments were significantly reduced in Cdc42 knockout cell lines and could be complemented by Cdc42 re-expression (Fig. 7) , 20 suggesting direct PI3-kinase activation by Cdc42, as previously reported (Zheng, 1994; Tolias, 1995) . In addition though, PI3-kinase was also shown to bind to Rac (51) , which could activate the former both in vitro (6) and in vivo (20) . Hence, Cdc42 might drive PI3-kinase activation indirectly through Rac1. However, it was recently reported that PI3-kinase activation by InlB was not affected by Rac1 inhibition through cholesterol depletion, indicating the absence of a positive feedback loop from Rac to PI3-kinase activation downstream of c-Met signaling (42) . Thus, we conclude that Cdc42-mediated PI3-kinase activation downstream of c-Met is not driven by Rac. Instead, both Cdc42 and PI3-kinase act upstream of Rac-mediated actin assembly in both separable and inseparable pathways, since full PI3-kinase activation partly depends on the presence of Cdc42 (Fig. 9 ). Cdc42-and PI3-kinase signaling are collectively but not individually essential for c-Met-mediated actin reorganization, since simultaneous loss of PI3-kinase and Cdc42 function is required to abolish Listeria entry, HGF/InlB-induced Rac activation and membrane ruffling (Fig. 5) .
These results are also consistent with the recently reported non-essential functions of PI3-kinase signaling pathways in neutrophil and Dictyostelium chemotaxis (1, 18, 33 ).
Finally, we tested for the relevance of the Rac-effector WAVE-complex in c-Met induced actin reorganization (Fig. 8 ). Partly consistent with previous observations (4), WAVE-complex-mediated actin reorganization as tested for by Nap1 knockdown was absolutely essential not only for Rac-induced lamellipodia protrusion and membrane ruffling as previously observed (24, 46) , but also for InlB-mediated Listeria entry (Fig. 8A) . Thus, we conclude that WAVE-complex is likely required for actin assembly downstream of Rac in cMet signaling (Fig. 9) , for several reasons. First, WAVE-complex has turned out to be a key effector of Rac-induced actin polymerization events in various systems (49) . Second, genetic removal of WAVE2 strongly interfered with Listeria invasion (Fig. 8C) , though it did not abolish it, most presumably due to low amounts of WAVE1 expression (4, 50) . Third, Nap1 knockdown VA-13 fibroblasts, which were deficient in Listeria invasion (Fig. 8A) , are 21 competent of Cdc42-induced filopodia protrusion (45) , which is also driven by actin polymerization, arguing in favour of impairment of a specific signaling pathway, rather than a general defect in actin assembly or turnover. Fourth, an indirect abrogation of upstream Rac activation in Nap1 knockdown cells by disruption of a Sos1-dependent Rac-GEF complex, which also contains the WAVE-complex constituent Abi-1, could be excluded through the use of Eps8-deficient cells (Fig. 8B) . Therefore, although it remains difficult to formally exclude a contribution of individual WAVE-complex components in signaling to Rac activation, as suggested recently for the hematopoietic complex constituent and Nap1 orthologue Hem-1 (55), the simplest interpretation of our results is that of an essential function for the WAVEcomplex in InlB-mediated Listeria entry by linking Rac activation to Arp2/3-complexmediated actin polymerization.
In conclusion, we have uncovered a so far unrecognized N-WASP-independent contribution of Cdc42 to Rac-mediated actin rearrangements downstream of motogenic signaling evoked by c-Met receptor ligands (Fig. 9 ). This pathway can be partially separated from PI3-kinase signaling. Moreover, c-Met-induced actin rearrangements are fully inhibited only in the absence of both Cdc42 and PI3-kinase activity. Interestingly, Cdc42 and PI3-kinase signaling pathways don't operate in a simple additive manner concerning the efficiency of induced ruffling or Listeria engulfment, since interference with either pathway strongly impairs these responses. Instead, they appear to individually and together contribute to exceeding threshold levels of Rac-GTP needed for efficient output signaling to occur. The latter requires functional WAVE-complex (Fig. 9) . Future studies will address the identification of PI3-kinase-dependent and -independent GEF activities driving this signaling pathway. GTP-loaded Rac in turn drives WAVE-complex-dependent rearrangements of the actin cytoskeleton, essential for membrane ruffling and Listeria invasion.
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